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ABSTRACT 
Carbohydrate metabolism is critical for male fertility. Carbohydrate reserves (soluble sugars and starch) were quantified 
in three advanced stages of pollen development, from the final maturation to rehydration, in a chili pepper cultivar 
(Capsicum annuum L. cv. Calypso Red) with partially dehydrated pollen, to define possible carbohydrate inter-conver- 
sions. At the same time, the activity of soluble enzymes involved in sucrolysis and amylolysis were quantified to reveal 
potential metabolic pathways. The carbohydrates found (sucrose, glucose, fructose, and starch) apparently inter-convert. 
There would be a close relation between enzymatic activities and substrates, and the carbohydrate reserves could be key 
factors on the regulation of enzymatic activities. All the enzymes tested were active, although the relevance of each one 
changed along pollen maturation and rehydration, defining different profiles of enzymatic activities for each stage. 
Some usually neglected enzymes (e.g. soluble neutral invertase) have shown an important role in the stages analyzed, 
suggesting alternative processes to evaluate in the studies of male fertility control. 
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1. Introduction 
Functional pollen is needed to successfully complete 
fertilization in plants. Pollen functioning relies on several 
characteristics, which can differ among species. The 
amount of water and the carbohydrate reserves are bio-
chemical features considered relevant for pollen viability 
and longevity [1,2]; both features would also be related 
to each other (e.g. high water content and scarce sucrose 
would determine a short living pollen [2]). The pollen 
partially dehydrated, that is with less than 30% of water 
[3], is subjected to a series of drastic changes of water 
content and cellular activity in a brief period of time, 
from the moment they have reached the cytological ma- 
turity to the beginning of germination. Changes in the 
carbohydrate concentrations can occur in parallel to those 
variations, since carbohydrates are involved in different 
processes during pollen maturation, presentation and 
germination. Starch is considered an important reserve 
[1], which can be synthesized or hydrolyzed according to 
the needs (e.g. in response to environmental changes [4] 
or during pollen tube growth [5,6]), while sucrose may 
function as an osmotic regulator, as a membrane protec- 
tor [7] and as a reserve [1,8]. Several enzymes metabo- 
lize pollen carbohydrates. The sucrolytic enzymes acid 
invertases and sucrose synthase have received most of 
the attention [e.g. 8-16], showing a critical role for male 
fertility. In contrast, amylolytic enzymes have been 
largely neglected (but see [15]). 
An analysis of the content of carbohydrate reserves as 
well as a study of the activity of several soluble enzymes 
involved in their metabolization was carried out in dif- 
ferent advanced pollen stages in a hot chili pepper (Cap- 
sicum annuum L.) with partially dehydrated pollen. The 
aim of this work was to analyze the possible inter-con- 
version between the carbohydrates studied and reveal 
potential metabolic pathways, in an attempt to contribute 
to the understanding of how carbohydrate utilization 
would be involved in the male functioning throughout 
the final steps of maturation up to rehydration. 
2. Materials and Methods 
2.1. Plant Material and Sampling 
Plants of the hot chili pepper (C. annuum) cv. Calypso 
Red were grown in a greenhouse at 32˚C ± 2˚C (optimal 
for flowering in this cultivar). Three developmental 
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stages were studied: 1) immature bicellular pollen, col- 
lected one day before flower anthesis (1 DBA), 2) mature 
pollen collected the day of flower opening, and 3) rehy- 
drated pollen, consisting of mature pollen rehydrated in 
vitro for 30 min, when pollen tubes started to emerge. 
The culture medium of Mercado et al. [17] was used for 
the rehydration, without sucrose and with 15% PEG 3350 
as an osmoticant. A pre-hydration treatment was applied 
to facilitate rehydration, placing the pollen grains at 92% 
- 93% of relative humidity for 1 h. The assays were done 
at 26˚C ± 0.5˚C. 
2.2. Pollen Water Content 
Pollen water content was calculated indirectly based on 
the difference in volume between fresh (for 1 DBA and 
mature pollen)/rehydrated and desiccated pollen (2 h at 
100˚C); samples were submerged in immersion oil after 
being collected/treated. The formulas used to calculate 
the volume were: 4 3 πr3 for spherical grains, and 4 3 π 
(longest r × shortest r2) for prolate spheroidal grains, 
where r is the radium. The average volume was calcu-
lated from 100 pollen grains in each stage. The differ-
ence between the volume of fresh/rehydrated and desic-
cated pollen would represent the volume filled up by 
water, i.e. the percentage of water. The latter values were 
used to calculate the dry matter content at each pollen 
stage and the final weight for the rehydrated pollen. 
2.3. Carbohydrate Analysis 
For carbohydrate analysis, the samples were homoge-
nized in distilled water (1 DBA and mature stages) or in 
the culture medium (rehydrated pollen) with a PRO200 
homogenizer, were inactivated by heating in boiling wa-
ter for 10 min, and then centrifuged at 12,000 g and 4˚C 
for 25 min. The supernatants were used to quantify solu-
ble carbohydrates while starch was quantified in the in-
soluble residues after three washes with distilled water. 
Samples were stored at –80˚C. Each stage was analyzed 
by triplicate. Soluble carbohydrates were identified and 
quantified through HPLC analysis, using single sugars as 
standards, according to Carrizo García et al. [18]). Starch 
was quantified indirectly after digestion with the enzyme 
amyloglucosidase (10 U·mL–1 in 50 mM sodium acetate 
buffer, pH 4.8). After incubation for 2 h at 55˚C under 
agitation, the glucose released was colorimetrically 
quantified using dinitrosalicylic acid reagent [15] in 
spectrophotomer (λ 560). Absolute and relative carbohy- 
drate concentrations were calculated in relation to the dry 
matter content and fresh/rehydrated weight of the sam- 
ples, respectively. 
2.4. Enzymatic Activities 
For the analysis of enzymatic activities, samples were 
prepared in an extraction buffer consisting of 1 mM 
EDTA, 1 mM DTT, 50 mM sodium phosphate, 3 mM 
MgCl2, and 2% glycerol (pH 7.4). The samples were 
homogenized and the supernatants were separated as des- 
cribed above. The activities assayed were soluble acid 
(Sai) and neutral (Sni) invertases, sucrose synthase in the 
cleavage direction (Susy), and amylases. Aliquots of 
every sample were incubated in a specific reaction me- 
dium for each enzyme. The reaction media were the fol- 
lowing: 200 mM sodium acetate (pH 4.0) and 10 mM 
sucrose for the Sai; 50 mM sodium phosphate (pH 7.3) 
and 10 mM sucrose for the Sni; 50 mM MES (pH 6.5), 
10 mM sucrose and 10 mM UDP for the Susy; 25 mM 
MOPS (pH 6) with solubilized starch (1 mg·mL–1 for 1 h 
at 100˚C) for the amylases. The mixtures were incubated 
1 h at 30˚C in all the cases; the reactions were stopped by 
heating at 100˚C. Every enzymatic reaction was done 
three times for each stage. For the sucrolytic enzymes, 
sucrose hydrolysis was estimated through the changes of 
glucose and fructose. For the amylases, the quantity of 
starch hydrolyzed was calculated according to the changes 
of glucose and maltose. Glucose, fructose and maltose 
were identified and quantified as described above. En-
zymatic activities were expressed as the amount of sug- 
ars released for min and total protein mg; total proteins 
were quantified according to Bradford [19]. 
Mean values were calculated for the substances quan- 
tified and the enzymatic activities assayed at all three 
stages. Data from consecutive stages were compared pair 
wise using ANOVA (P = 0.05). 
3. Results and Discussion 
3.1. Pollen Water Content and Carbohydrate 
Fluctuations 
The pollen water content fluctuated along stages in the 
chili pepper studied. The water content was ca. 45% at 1 
DBA, when the pollen was spherical, and then dimin-
ished to 25% in the mature pollen, which acquired a 
prolate spheroidal shape (Figure 1(a)). The water con-
tent increased during rehydration, reaching the 60%; 
pollen grains have readopted the spherical shape, and 
pollen tubes may have started to emerge (Figure 1(a)). 
The variations of water content affected the carbohydrate 
concentrations, thus different degrees and directions of 
change could be observed for the absolute and relative 
values calculated (Figures 1(b) and (c)). The soluble 
carbohydrates found were sucrose, glucose and fructose. 
Sucrose was not the main soluble oligosaccharide in the 
mature pollen, in contrast to other chili pepper cultivars 
[13,20], and it was completely hydrolyzed during rehy- 
dration (Figures 1(b) and (c)). Regarding the absolute 
values, the amount of sucrose diminished significantly  
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Figure 1. Pollen shape and carbohydrate concentrations in 
different pollen developmental stages in Capsicum annuum 
cv. Calypso Red. Mean values ± SE. A: Pollen shape 
variations following changes in water content along stages 
(rehydrated pollen may have started to germinate). B: 
Absolute values calculated according to the dry weight of 
the samples. C: Relative values calculated according to the 
fresh (1 DBA and mature stages) and rehydrated weights of 
the samples. 1 DBA—1 day before anthesis. Scale: 20 μm. 
 
from 1 DBA to the mature pollen, while glucose and fruc- 
tose increased significantly, ca. 2.7 and 3-fold respec- 
tively (Figure 1(b)). During rehydration, there was a 
significant increase of glucose, while fructose concentra- 
tion did not change (Figure 1(b)). Starch was abundant 1 
DBA, diminishing ca. 4 times in the mature and rehy-
drated pollen (the difference was not significant between 
these two stages; Figure 1(b)). The relative values of 
carbohydrate concentration followed a slightly different 
trend of change. Sucrose did not change significantly 
between 1 DBA and the mature pollen, while glucose 
and fructose increased significantly, ca. 3.7 and 4-fold 
respectively (Figure 1(c)). The concentration of glucose 
did not change during rehydration, while the amount of 
fructose decreased significantly (Figure 1(c)). The relative 
amount of starch was reduced ca. 3 times from 1 DBA to 
the mature pollen, and then slightly during rehydration 
(Figure 1(c)); both reductions were statistically signifi-
cant. Even though a 1:1 stoichiometric relationship be-
tween glucose and fructose was not kept within every 
stage, glucose and fructose quantities were not signifi-
cantly different, either for the absolute or the relative 
values. A dilution effect can be observed for all relative 
values, in different extent for each stage due to the dis-
similar water contents. Because of that, the osmotic 
pressure caused by sucrose, and even glucose and fruc-
tose, would vary following the natural changes in water 
content along stages, then modifying the hydric relation-
ship between pollen and the surrounding environment. 
The carbohydrate variations along the stages analyzed 
would evidence possible inter-conversions between the 
different substances quantified, considering that the pol-
len would be independent from the rest of the plant by 1 
DBA [21], and no nutrients were added to the culture 
medium during rehydration. The increment of glucose 
and fructose towards maturation can be related to sucrose 
cleavage, and particularly to starch hydrolysis (glucose 
equilibrates with fructose via the hexose phosphate pool). 
During rehydration, although sucrose was completely 
hydrolyzed and a minor amount of starch was further 
digested, the trend of change for glucose and fructose 
would show that at least a small amount of both sub-
stances has been used in other metabolic pathways, pos-
sibly cell wall synthesis and/or glycolysis (energy), given 
that pollen tubes have started to emerge. In general, there 
is a tendency to provide hexoses that can be metabolized 
later during germination and pollen tube growth. Soluble 
carbohydrates consumption during those processes has 
been previously recorded [e.g. 5,8,22]. Regarding the 
relation between sucrose and hexoses, Pressman et al. 
[14] suggested the existence of a ‘futile cycle’ of sucrose 
cleavage and synthesis during pollen development, ac-
cording to their own data and previous records. That cy-
cle includes sucrose re-synthesis and storage in advanced 
stages [14], which would be cleaved again upon pollen 
rehydration and germination. The pollen of the chili 
pepper analyzed this time may be more efficient on that 
matter since hexoses seem to be accumulated instead of 
sucrose. 
3.2. Sucrolytic Activities 
In parallel to the carbohydrate temporal fluctuations, all 
the enzymatic activities quantified also changed. The 
sucrolytic activities increased from 1 DBA to the mature 
pollen, matching the reduction of the absolute sucrose 
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concentration, and later decreased along with sucrose 
depletion during rehydration (Figure 2(a)). However, 
only the Sni increment between 1 DBA and the mature 
pollen and the Sai reduction between the mature and re-
hydrated pollen were statistically significant. None 
change was significant for the Susy activity. Changes of 
sucrolytic activities have been registered in several spe-
cies along pollen development [11-15,20,23] or during 
pollen tube growth [8,18], but it is not a rule [e.g. 10]. In 
the case reported here, invertases carried out most of 
sucrose hydrolysis, and presented the most important 
changes in their levels of activity. The proportion of the 
total sucrolytic activity accomplished for each enzyme 
was different within every stage (Figure 2(a)), that is: 1) 
the Sai activity was the highest while the Sni and Susy 
activities were lower and similar in the stage 1 DBA 
(significant differences between Sai/Sni and Sai/Susy); 2) 
the Sai was still the highest in the mature pollen but the 
Sni has increased significantly, while the Susy activity 
was by far the lowest (significant differences between 
Sai/Susy and Sni/Susy); 3) during rehydration, the Sni 
activity was the highest, followed by the Sai, while the 
Susy remained as the lowest one (significant differences 
only between Sni/Susy). It is worth mentioning that the 
Sni activity was high in relation to the Sai activity, which 
is the form of invertase usually studied. Therefore, the 
Sni may have an important role during these advanced 
pollen stages. Since both soluble invertases are located in 
different cellular compartments (Sai in vacuoles and Sni 
in the cytoplasm [24]), maybe their levels of activity are 
related to their specific locations (and possibly with dif-
ferent functions) and/or to an uneven distribution of su-
crose. About that, Aloni et al. [20] mentioned a possible 
compartamentation of sucrose, separated from the Sai, in 
another chili pepper pollen, meaning that sucrose would 
be unevenly distributed inside the pollen. 
3.3. Amylolytic Activities 
Amylolytic activities decreased significantly to one third 
from 1 DBA to the mature pollen, and then slightly, not 
significantly, during rehydration (Figure 2(b)), i.e. amy-
lases activities decreased while starch was consumed. As 
indicated by the products of amylolysis, α- and β-amy- 
lase activities (glucose and maltose respectively) would 
vary between stages (Figure 2(b)). At 1 DBA, the quan-
tity of maltose released was 100 times higher than the 
quantity of glucose released (Figure 2(b)). The glucose 
released was tripled while the production of maltose was 
reduced 3 times in the mature pollen, but the latter was 
still ca. 10 times higher than the quantity of glucose 
(Figure 2(b)). During pollen rehydration the glucose 
released increased 4 times while maltose production was 
reduced one third, then hardly duplicating the amount of 
glucose (Figure 2(b)). Therefore, the β-amylase activity  
(a)
(b)
 
Figure 2. Activity of soluble enzymes involved in carbohydrate 
metabolism at different pollen developmental stages in 
Capsicum annuum cv. Calypso Red. Mean values ± SE. A: 
Soluble sucrolytic activities. B: Amylolytic activities (α- and 
β- amylase activities are distinguished by their products of 
hydrolysis, glucose and maltose, respectively). 1 DBA: 1 day 
before anthesis, Sni: soluble neutral invertase, Sai: soluble 
acid invertase, Susy: sucrose synthase. 
 
would decrease significantly between stages whereas the 
α-amylase activity would increase significantly (Figure 
2(b)). This trend for the α-amylase has also been ob-
served in Amaryllis during pollen germination [6]. Castro 
and Clément [15] have also recorded different levels of 
α- and β-amylase activities in the pollen of Lilium, which 
showed different patterns of fluctuation along pollen de-
velopment as well. Here, the β-amylase would be the 
more active form regardless the gradual activity diminu-
tion. Maltose would be the main product of starch hy-
drolysis in this chili pepper pollen, but a maltose incre-
ment was not observed as starch was naturally digested. 
It can be hypothesized that maltose has to be further hy-
drolyzed to glucose in vivo, probably triggering the ob-
served increment of α-amylase activity. 
4. Conclusion 
It seems to be a logical inter-conversion between the 
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carbohydrates analyzed. Besides, there would be a close 
relation between enzymatic activities and substrates, and 
the carbohydrate reserves (and perhaps exogenous nutri- 
ents when present) could be key factors on the regulation 
of enzymatic activities. All the enzymes tested were ac-
tively involved, in different and variable degrees, in pol-
len maturation and rehydration. Each stage was charac-
terized by a different profile of enzymatic activities, in 
which the relevance of each enzyme was different. This 
trait could indicate different main pathways (and sites) of 
the carbohydrate reserve metabolization in each stage. 
The current results present alternative processes to 
evaluate, such as sucrolysis by the Sni and amylolysis by 
the β-amylase, in the studies of male fertility control. 
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